A challenge encountered frequently in drug discovery is targeting a small subset of the members of a closely related protein family to achieve a specific therapeutic outcome with minimal off-target toxicity 1 . For example, cytokine and growth factor receptor systems (such as interferons, Wnt, Notch, BMP) [2] [3] [4] [5] [6] often have multiple receptor subtypes with different biological roles. Current strategies for targeting specific receptor or ligand subtypes generally involve selection from randomized libraries utilizing counter-screening for desired specificity 7, 8 . Using these methods, high affinity Ankyrin binders called designed ankyrin repeat proteins (DARPins) have been selected against a number of targets and show potential as therapeutics 9, 10 . Although library selection methods are capable of obtaining high affinity binders, they remain empirical, and cannot explicitly target specific regions of a protein surface. Previous efforts to generate specific binders against similar targets has therefore required the independent evolution of binders against each target 7, 8 . An alternative, potentially superior strategy would be to target specific regions of a protein surface that could enable 'reading out' of specificity between closely related homologs.
We reasoned that binding modes with extensive interface surfaces that span spatially distant variant positions could provide a general solution to the problem of discriminating between closely related members of a protein family. We developed a two-step approach for designing binding modes poised for high affinity, specificity and functional antagonism. First, we used computational design to target binding to a defined, large surface region of a family member that includes both the conserved functional site and the adjacent non-conserved residues. This computational sampling of structure space can survey the wide range of possible backbone orientations more broadly than selection methods owing to library size constraints. Second, we generated subtype-specific variants by exploiting contacts with subtype-specific positions within this broadly conserved buried interface. We chose repeat proteins as scaffolds owing to their modular and idealized architecture, which enables extension as needed for the design of larger interfaces. In addition, the favorable biochemical properties of these designed repeat protein binders (DRPBs) are ideal for downstream functional applications.
Results
Computational design of Fz subtype-specific DRPBs. We tested this approach on the Frizzled (Fz) family of Wnt receptors, an important example of a closely related set of therapeutic targets, as subtype-specific antagonism of Fz could reduce or limit off-target toxicity 11 . Dysregulation of Wnt signaling is widely implicated in cancer 12 . However, full elucidation of the role of the Wnt pathway in tissue homeostasis and disease has been limited by the availability of reagents that can modulate signaling in a receptor subtype-specific manner, as there are 19 distinct Wnt ligands and 10 Fz receptors (as well as other co-receptors, inhibitors, and agonists) 11, 13 . Different tissues express different subsets of Fz, so there is a need for molecules with the ability to distinguish between Fz subtypes that are highly homologous in sequence. Indeed, highly cross-reactive anti-Fz monoclonal antibodies have been tested in clinical trials for several cancers but resulted in dose-limiting toxicity, including bone fractures (OncoMed Pharmaceuticals). Native Wnts do not provide good starting points for generating such binding reagents as they exhibit binding promiscuity for the different Fzs 14, 15 . Furthermore, endogenous
To discriminate between closely related members of a protein family that differ at a limited number of spatially distant positions is a challenge for drug discovery. We describe a combined computational design and experimental selection approach for generating binders targeting functional sites with large, shape complementary interfaces to read out subtle sequence differences for subtype-specific antagonism. Repeat proteins are computationally docked against a functionally relevant region of the target protein surface that varies in the different subtypes, and the interface sequences are optimized for affinity and specificity first computationally and then experimentally. We used this approach to generate a series of human Frizzled (Fz) subtype-selective antagonists with extensive shape complementary interaction surfaces considerably larger than those of repeat proteins selected from random libraries. In vivo administration revealed that Wnt-dependent pericentral liver gene expression involves multiple Fz subtypes, while maintenance of the intestinal crypt stem cell compartment involves only a limited subset.
Wnts are lipidated, and not water-soluble, rendering them impractical to re-engineer for functional applications. We reasoned that the discrimination of subtle sequence differences between different Fzs (Fig. 1a,b , and Supplementary Notes, page 18) could be achieved using repeat proteins such as Ankyrins, which have extended concave surfaces roughly complementary to the convex surface adjacent to the lipid binding cleft of the Fz cysteine-rich domain (CRD) structure 9, 15 . We therefore sought to develop high-affinity subtype-specific Fz binders with extensive interfaces that included primary contacts with both the conserved lipid-binding cleft (to enable Wnt antagonism) as well as secondary contacts against adjacent positions that are variable between receptor subtypes (to enable development of orthogonal binding specificities). As random library selection methods do not enable such precise targeting (Fig. 1c) , we utilized computational docking and design methods starting from an idealized Ankyrin scaffold (PDB: 4GPM) optimized previously using Rosetta. Each repeat is identical in this design, and it is very stable; because it is designed using Rosetta it has very low energy in the Rosetta force field, which makes the subsequent interface design calculations more straightforward as energy optimization will change the sequence only to make new interactions with the target 16, 17 . The scaffold was globally docked against the Fz8 surface. Binding modes that inserted loops into the Wnt lipid binding groove and encompassed adjacent variable regions, and had large interface surface areas with high backbone shape complementarity were selected. The interfaces of selected binding conformations were computationally optimized for low energy interactions with Fz8CRD. 22 designs with high shape complementarity (average SC of 0.70) and extensive buried surface area (BSA) (average >2,400 Å 2 ) (Fig. 1d ,e and Supplementary Notes, page 27) were produced and tested, but did not bind Fz with detectable affinity. As we reasoned that there was a possibility of design errors over the extensive buried interface that could limit initial binding detection. To achieve high affinity ligands, we screened for Fz binding through error-prone PCR mutagenesis on the selected designs, and generated libraries via yeast surface display 18, 19 . Fig. 1 and Supplementary Notes, page 33) and we used them interchangeably in these initial binding and optimization experiments, depending on availability.
DRPB_Fz8-Fz8CRD complex structure confirms computational design and paves the way for specificity tuning. To confirm our design, a 2.3 Å structure of the DRPB_Fz8-Fz8CRD complex was solved, revealing a binding mode that is virtually identical to the 'fingers-in-groove' or 'grasping-hand' design model (backbone RMSD 1.6 Å). This interaction fully occludes the Fz lipid binding groove, preventing binding to the native Wnt lipid, thus acting as an antagonist ( Fig. 2 and Supplementary Fig. 1) . A difference between the DRPB_Fz8-Fz8CRD crystal structure and the original computational model is a narrowing of the receptor cleft upon binding owing to shifting of the adjacent Fz alpha helix. Although it was accommodated in the computational model, Phe42 is incompatible with the narrowed conformation of the helical backbone in the crystal structure ( Supplementary Fig. 1d ); removing this bulky hydrophobic group restores the underlying designed high-affinity interface. The single point mutations Phe42Ala and Thr66Ser, individually provided only weak binding affinity to the target, but the double substitution led to high affinity binding ( Supplementary Fig. 1a) .
We subsequently redesigned DRPB_Fz8 for specific binding to the other two major Fz subtypes, Fz7 (Fz1/2/7) and Fz4, using a targeted library approach. To guide library construction, we built comparative models for Fz4 and Fz7 using Rosetta, aligned them to Fz8 in the DRPB_Fz8-Fz8CRD crystal structure, and carried out Rosetta design calculations to identify amino acid substitutions on DRPB_Fz8 that increase affinity for Fz4 and Fz7. In parallel, we generated a site saturation mutagenesis library containing point mutations to all residues of DRPB_Fz8, carried out selections towards Fz4 Fig. 3a and Supplementary Fig. 2 ). Furthermore, a Fz7 subtypespecific clone, DRPB_Fz7 ( Fig. 3b and Supplementary Fig. 3 ).
Complex structures of DRPB-Fz explain Fz subtype specificity.
To dissect the molecular mechanism of DRPB affinity and specificity tuning, we determined the structures of all DRPB-FzCRD complexes ( Fig. 3 and Table 1 ). Structural superposition of DRPB_ Fz8-Fz8CRD with DRPB_Fz7/8-Fz7CRD revealed a key Ala111Asp mutation from DRPB_Fz8 to DRPB_Fz7/8, enabling hydrogen bond and salt bridge formation with a corresponding Lys of Fz7, which is a Glu in the Fz8 subtype ( Fig. 3a and Supplementary Fig. 4a,b) . The structure of Fz7-specific DRPB_Fz7 with Fz7CRD highlighted an Ala108Asp mutation, which clashes with Trp73 in the Fz8 subtype, whereas this mutation is tolerated in the Fz7 subtype owing to the smaller sidechain of Tyr ( Fig. 3b and Supplementary Fig. 4c ), explaining the enhanced specificity. The complex structure of DRPB_Fz4 in Fz4 CRD revealed a limited repositioning of DRPB_ Fz4 compared with DRPB_Fz8, albeit with a globally preserved binding mode; structural analysis suggested that a combination of residues modulate the specificity change ( Fig. 3c and Supplementary  Fig. 5 ). Thus, we have engineered DRPB antagonists to three major Fz subtypes using a designed, functionally targeted binding mode with high shape complementarity and large BSA, allowing us to distinguish between Fz isoforms. The successful re-engineering of binding specificity marks significant progress towards development of a suite of proteins with orthogonal binding specificities utilizing a pre-designed binding mode.
Fz subtype-specific DRPB antagonists inhibit homeostasis of the intestinal crypt stem cell compartment and expression of liver Wnt target genes. Despite pleiotropic involvement of Wnt signaling in stem cell biology and tissue homeostasis, genetic redundancy among the 10 Fz genes has greatly hindered the identification of essential functionality of Fz gene(s) in adult tissue compartments 11, 13 . Therefore, systematic Fz subtype-specific inhibition, as with the DRPB antagonists, represents a robust pharmacologic solution to the quandary of functional interrogation of Fz receptors in vivo. Lgr5
+ intestinal stem cells predominantly express Fz5 and Fz7, and to a lesser degree Fz1, Fz2, Fz6, Fz8, and Fz9 (ref.
21
); this redundancy is likely to underlie the inability of any single or combinatorial Fz knockout to demonstrate an adult homeostatic intestinal phenotype.
To probe the Fz subtype-specific antagonist function of these DRPBs, we first treated cell lines with predominant expression of Fz2, Fz4, or Fz5 with DRPBs while stimulating with Wnt3a conditioned media. These Fz-selective DRPBs showed potent Fz subtypespecific inhibition of Wnt signaling, as demonstrated by TopFlash ) than typical monomeric DARPin interfaces (dashed line), but notably retain similar shape complementarity across these larger interfaces.
reporter ( Supplementary Fig. 6 ). We then assessed the antagonist function of DRPBs during in vitro intestinal organoid growth. As duodenal organoids produce endogenous Wnts, which are essential for their growth, organoid growth is a stringent readout for DRPB inhibitory activity. Both human and mouse duodenum organoid cultures were cultured with all four types of DRPBs. Both DRPB_Fz4 and DRPB_Fz7 showed no effects (Fig. 4a) . DRPB_Fz8 strongly inhibited organoid growth in the 0.1-1 nM range, but several log higher concentrations of DRPB_Fz7/8 was required ( Supplementary Fig. 7a,b) , consistent with the stronger Fz5 and Fz8 affinity of DRPB_Fz8 versus DRPB_Fz7/8 ( Supplementary Fig. 3 ). For in vivo studies, we fused the DRPBs to mouse serum albumin (MSA) to extend the circulating half-life. Notably, daily intravenous administration of MSA-DRPB_Fz8 but not the other DRPBs induced profound loss of crypts and villi within 7 d (Fig. 4b and Supplementary Fig. 7 ), consistent with blockade of canonical Wnt signaling via Dkk1 or Porcupine inhibitors [21] [22] [23] . We reasoned that the lack of effect of MSA-DRPB_Fz7/8 on duodenal homeostasis could be due to lower Fz5 and Fz8 binding affinity versus MSA-DRPB_ Fz8, as reflected in organoid culture. To overcome this, we generated recombinant adenoviruses expressing each of the DRPBs, as intravenous adenovirus injection infects the mouse liver and allows continuous high-level hepatic secretion of transgene products into the circulation for weeks 21, 24 . Accordingly, adenoviruses expressing DRPB_Fz7/8 and DRPB_Fz8 both produced rapid duodenal crypt and villus loss resulting in weight loss and lethality within 7 d, while DRPB_Fz4 and DRPB_Fz7 were ineffective despite robust serum expression of each DRPB ( Fig. 4c and Supplementary Fig. 8 ). The ability of the restricted spectrum DRPB_Fz8 to elicit catastrophic crypt and villus loss strongly implicates Fz5 and/or Fz8 function during intestinal homeostasis with much stronger phenotypes that have been observed with individual Fz receptor genetic deletion 25 . The liver represents an additional Wnt-sensitive compartment, with Wnt pathway gain or loss of function profoundly altering zonated expression of liver genes 20, 26 . Adenoviruses expressing each of the four DRPBs, or negative control adenovirus were tested for effects on the Wnt-responsive genes Glul (glutamine synthetase) and Axin2. Although negative control adenovirus liver (Adeno-Fc) expressed GLUL in a highly characteristic pericentral zone, adenovirus-expressed DRPB_Fz4, DRPB_Fz7 and DRPB_Fz8 partially repressed GLUL, and notably DRPB_Fz7/8 completely repressed GLUL (Fig. 4d,e) . This was strongly paralleled by the complete repression of liver Glul and Axin2 mRNA by DRPB_Fz7/8 with more intermediate inhibition seen with DRPB_Fz4, DRPB_Fz7 and DRPB_Fz8 (Fig. 4f,g ). Thus, in contrast to the comparatively narrow Fz functional spectrum of intestinal homeostasis, Wntdependent liver gene expression appears to require the broad-based contribution of diverse Fz receptor subtypes. Our strategy therefore enables 'tuning' of Fz specificity based on tissue expression of the Fz subtypes. 
Discussion
It is instructive to compare the structure of our designed complex to those of DARPin protein complexes obtained using library selection methods. Our DRPB is larger than most DARPins of known structure, and the binding interface in the DRPB-target designed complex is significantly larger than the single domain DARPin protein complexes in the Protein Data Bank (PDB) (Fig. 1e) . However, despite the much larger surface area, the overall shape complementarity is very similar. Large shape complementary interfaces are difficult to obtain by traditional random library selection, as only a small fraction of the available sequence space can be searched, and hence favorable interactions throughout the interface are much less likely than for smaller interfaces. The difficulty of empirically selecting interfaces with such large surface area becomes clear when considering the increase in combinatorial diversity accompanying increasing interface size. For example, the DRPB initially designed here has 32 interface contacting residues mutated from the original scaffold. A full coverage library sampling these positions that includes all twenty amino acids at each site would represent a diversity of 20 32 or 4.29 × 10
41
, dwarfing the screening capabilities of current yeast, phage, or ribosome display methods. Libraries in which only a subset of the interface residues are varied can be made, but several of the residues kept constant are likely to be incompatible with binding, and hence large interfaces are unlikely to be obtained by selection. Computation can explicitly identify binding modes with large shape complementary interfaces, and optimize the sequence to be complementary to the target surface. However, computational protein design is still far from perfect, and purely computational approaches are not free of the challenges associated with large interfaces, as illustrated by the inclusion of the problematic Phe in the initial design-the large interface area increases the likelihood of locally incorrect modeling. Hence the combination of computation to define the overall binding mode with experimental optimization to resolve inaccuracies due to conformational changes (the narrowing of the Fz groove in the complex, for example) or other modeling errors, is particularly powerful. The designed binding mode, with 'hand-in-groove' insertion of ankyrin loops into the Fz lipid binding groove, is well suited to distinguish between closely related Fz subtypes with high affinity owing to the large, hydrophobic interface that makes contacts with both spatially disparate variant residues and core conserved regions. The principal advantages of our approach over traditional selection methods are: (1) the ability to generate much larger shape complementary binding interfaces, and (2) the ability to target these binding interfaces to functional regions encompassing sequence diversity among receptor subtypes.
Our design protocol can be broadly generalized to other ligandreceptor or protein-protein systems, with particular utility for challenging applications in which high affinity binding is insufficient and specific backbone placement is required for functional activity and specificity. The use of repeat proteins facilitates the design of custom binders with extensive interfaces to specification in such cases. Specific pharmacologic inhibition of these Wnt receptors by our approach provides a dose-dependent, robust tool for precise interrogation of Wnt signaling in a range of key processes. For and human (bottom) primary duodenal organoids that produce Wnt endogenously were cultured in submerged Matrigel in medium containing ENR (EGF/Noggin/R-spondin) with different Fz subtype-specific DRPB antagonist at 100 nM. The images were taken at day 7 (mouse) or day 10 (human) of continuous DRPB antagonist exposure. Each Fz antagonist was replenished every 3 d during medium change. In vitro experiments were repeated at least three times, and representative images are shown. b, In vivo phenotype following daily intravenous (i.v.) injections of recombinant MSADRPB_Fz8 at a concentration of 20 mg kg −1 or PBS for 7 d. H&E staining of jejunum is shown. The experiment was performed once due to limited protein yield. c,d, Representative images of H&E staining of jejunum cross-sections (c) and glutamine synthetase (GLUL, pericentral marker) immunofluorescence staining of livers (d) from mice that received adenoviruses expressing negative control IgG2a Fc (Fc) or different Fzsubtype-specific DRPB antagonist, 7 d post adenovirus injection (representative images from n = 6 to n = 9 mice per group; experiments were repeated twice). e, Quantification of the GLUL immunofluorescence signal intensity shown in d. f,g, Quantification of the Glul (f) and Axin2 (g) transcript levels relative to Gapdh from liver samples (d) by qRT-PCR. Statistical analysis was performed using GraphPad Prism software. Data represent mean ± s.e.m. (n = 9 control and n = 6 for other groups; biological replicates from 2 experiments for all in vivo experiments (c−g)). Two-sided P values were calculated by Dunn's test of multiple comparisons following the Kruskal-Wallis test. *P < 0.05, **P < 0.01, ****P < 0.0001. example, while redundancy has complicated the association of the 10 distinct Fz genes with specific biological processes, our studies suggest predominant relevance of Fz5 and/or Fz8 to intestinal stem cell homeostasis but broad contributions of multiple Fz receptors to Wnt-driven liver zonation. Knockout studies have demonstrated previously a critical role for Fz5 and Fz8 in mouse retinal development, but the Fz5 and Fz8 double knockout is embryonic lethal 27 , limiting further detailed study. This proof of principle marks significant progress in the combined application of computational design and selection methods to the development of protein-protein interfaces that enable the molecular recognition of closely related proteins for the elucidation of complex signaling networks and precise therapeutic intervention to minimize off-target effects. The design of extensive high affinity and specificity binding interfaces using computational methods alone is an outstanding challenge for computational protein design methods development.
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Methods
Computational design and in vitro evolution by yeast surface display. Due to space considerations of the Methods section, the detailed protocol is included in the Supplementary Notes.
Biolayer interferometry. Data were collected with an Octet RED96 (FortéBio) instrument and analyzed with the ForteBio data analysis package. All experiments were performed at 20 °C in HBS-EP Buffer (GE Biosciences) with BSA blocking agent added (0.01 M HEPES, pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% v/v Surfactant P20, 1% BSA). Dip and Read Streptavidin Biosensors (FortéBio) were activated for 30 min in buffer prior to loading with biotinylated Fz5CRD (at 50 nM). After baseline reference collection, biosensors were dipped in analyte binder solutions to measure association and then returned to the empty buffercontaining baseline well to measure dissociation. Kinetic binding constants were determined after reference subtraction using a 1:1 binding model. Competition assays were carried out by loading the biosensors with biotinylated protein and then sequentially subjecting the biosensors to 250 nM (in HBS-EP Buffer) of protein A and then protein B (DRPB_Fz8, B12, Oncomed scFv or buffer) 14, 20 . Circular dichroism. DRPB_Fz8 was dialyzed into PBS (20 mM NaPO 4 , 150 mM NaCl) and analyzed at a final concentration of 12 mg ml −1
. Circular dichroism spectra were collected on an AVIV Model 420 CD spectrometer (AVIV Biomedical) using a 1 mm pathlength quartz cuvette. Scans were collected at 25 °C and were taken from 195 to 265 nm in 1 nm steps with 1 nm bandwidth at a scanning speed of 10 nm min −1 . Three independent scans were averaged and buffer subtracted against a cuvette holding PBS. Temperature melts were carried out with the same parameters from 25 °C to 95 °C in 1 °C steps, reading at 222 nm. During the melt, a full wavelength scan was taken at 25, 35, 45, 55, 65, 75, 85 , and 95 °C using the parameters above.
Protein constructs, expression, and purification. All the DRPB protein sequences were cloned with a carboxy-terminal His-tag into pET28a vector. The vectors were transformed into BL21(DE3)pLysS cells (Life Technologies) and induced by 0.5 mM isopropyl-b-D-thiogalactoside (IPTG) at 16 °C for 16 h when the OD 600 (optical density at 600 nm) reached 0.6. Cells were pelleted by centrifugation and lysed by sonication in lysis buffer (20 mM HEPES, pH 7.2, 300 mM NaCl). The proteins were purified by Ni 2+ -nitrolotriacetic acid (NTA) affinity column chromatography followed by size exclusion chromatography via a Superdex S75 column (GE Healthcare) in HBS buffer (10 mM HEPES, pH 7.2, 150 mM NaCl). The MSA-DRPB proteins were expressed in High Five (Trichoplusia ni) cells (Invitrogen) using the baculovirus expression system. These proteins were purified similarly via a Superdex S200 column (GE Healthcare) in PBS buffer. Subsequently, endotoxin was removed following instructions for the Proteus NoEndoTM High Capacity Midi spin column kit (GEN-NoE12HC). Before administration, endotoxin levels were quantified using a Pierce LAL Chromogenic Endotoxin Quantitation Kit (catalog no. 88282). The proteins were also sterile filtered.
The CRDs of human Fz1 (residues 113-230), Fz4 (residues 42-161), Fz7 (residues 36-163) and Fz8 (residues 32-150 with N49Q mutation) used for crystallization containing a C-terminal 6× His-tag were expressed in High Five (Trichoplusia ni) cells (Invitrogen) using the baculovirus expression system. All proteins were secreted from High Five insect cells grown in Insect-Xpress medium (Lonza Pharma & Biotech), and purified using Ni 2+ -NTA affinity column chromatography followed by size exclusion chromatography via a Superdex S75 column in HBS buffer. Similarly, The CRDs of these human Fzs were cloned with a C-terminal 3C protease cleavage site (LEVLFQ/GP), a biotin acceptor peptide (BAP)-tag (GLNDIFEAQKIEWHE) and a 6× His-tag and purified as described. These CRDs were site-specifically biotinylated using a BirA biotin-protein ligase standard reaction kit (Avidity, catalog no. BirA500). Successful biotinylation was confirmed by SDS-PAGE running Fz CRD side by side with Fz CRD mixed with SA.
Affinity measurements by surface plasmon resonance. Biotinylated Fz CRDs were coupled on a SA sensor chip (GE Healthcare) at low density with target RU increase of 120. An unrelated biotinylated protein was captured at equivalent coupling density to the control flow cells. Increasing concentrations of DRPB proteins were flown over the chip in HBS-P buffer (GE Healthcare) containing 10% glycerol and 0.05% BSA at 30 μl ml -1 . The chip surface was regenerated after each injection with 4 M MgCl 2 . The measurements were conducted using a BIAcore T100 (GE Healthcare) and analyzed using the accompanying evaluation software.
Protein crystallization, data collection and structure determination and refinement. Individual DRPB-Fz CRD complexes were formed by mixing purified DRPB with Fz CRD at 1:1 molar ratio. The complex was further treated with 1:100 (w/w) carboxypeptidase A (Sigma C9286) and carboxypeptidase B (Sigma, C9584) overnight at 4 °C. The complex was further purified by size exclusion chromatography via a Superdex S75 column (GE Healthcare) in HBS buffer. The purified complex was concentrated using an Amicon Ultra concentrator (10 K MWCO, Millipore). Crystals were grown by sitting-drop vapor diffusion at 295 K.
The DRPB_Fz8-Fz8CRD complex protein was concentrated to 40 mg ml -1 in HBS buffer. Crystals showed up after one month in 0. 29 ). The DRPB_Fz8-Fz8CRD structure with was determined by molecular replacement using Phaser. The Rosetta-calculated DRPB_Fz8 structure and the Fz8CRD (PDB: 4F0A 15 ) structure were used as the search models. Similarly, the other structures were determined using their respective Fz CRD model (PDB: 5BPB and 5T44). All structures were manually built in Coot 30 and improved by multiple rounds of refinement in Phenix 31 and manual rebuilding. Detailed statistics for data collection and refinement are reported in Table 1 . These structures are deposited at the PDB under accession codes: 6NDZ, 6NE1, 6NE2, and 6NE4, with 97.3%, 95.6%, 98.4%, and 98.1% Ramachandran favored residues and no Ramachandran outliers, respectively.
Fz-specific inhibition using luciferase assay. HEK293T and A375 cells were stably transfected with the luciferase reporter and a constitutively expressed Renilla luciferase as reported previously 20 , denoted as HEK293STF and A375BAR. BeWo cells were stably transfected with lentiviral transfection expressing firefly luciferase reporter as described previously 20 . The assay measurements were performed using the Dual Luciferase Assay kit (Promega, E1960) as instructed. The A375BAR cell line was used as the Fz2 predominant cell line and the BeWo (ATCC) cell line was used as the Fz5 predominant cell line. In brief, 10,000 to 20,000 cells were plated to each well in a 96-well sterile cell culture plate the first day. The next day, cells were pre-incubated with different concentrations of DRPBs for 1 h. The cells were subsequently stimulated with 20% Wnt3a conditioned media (ATCC) with 25 nM R-spondin protein for another 20 h. In Fz4 inhibition assays, a Fz4 predominant cell line was difficult to isolate. Therefore, HEK293STF cells were plated at a density of 15,000 cells per well on the first day. On the second day, the cells were transfected with human Fz4 receptor using Fugene HD (Promega) following the manufacturer's protocol. On the third day, the cells were pre-incubated with 20 nM DRPB_Fz7/8 (previously shown to fully inhibit Fz7 subtype and Fz8 subtype mediated Wnt signaling) and different concentrations of DRPB_Fz4 for 1 h. Therefore, the luciferase signaling output in these cells was only mediated by Fz4 receptors. The cells were subsequently stimulated with 20% Wnt3a conditioned media and 25 nM R-spondin for another 20 h before analysis. These cells were washed with PBS buffer (Thermo Fisher, 10010023) and lysed as instructed in the Dual Luciferase Assay kit (Promega) user manual. Luminance signals were recorded using the SpectraMax Paradigm (Molecular Dimensions). The data were analyzed by GraphPad Prism 7.
Organoid culture assay. Mouse duodenal organoids were derived from adult C57BL/6 J mice (Jackson Laboratory, ME, USA) using the method described before 32 . Human duodenal organoids were established from de-identified surgical discards. Primary tissues were obtained through the Stanford Tissue Bank from patients undergoing surgical resection at Stanford University Medical Center (SUMC). All experiments utilizing human material were approved by the SUMC Institutional Review Board. Written informed consent for research was obtained from donors prior to tissue acquisition. For the 3D cultures, Matrigel (BD Biosciences) was used and overlaid with a liquid medium consisting of DMEM/F12 advanced medium (Invitrogen), supplemented with additional factors including EGF (50 ng/ml), Noggin (100 ng/ml), and RSPO (500 ng/ml). Medium was replenished every 3 d.
In vivo experiments. Adult C57BL/6J mice (Jackson Laboratory) between 9 and 10 weeks old were injected intravenously with recombinant proteins (15 mg kg -1 daily) or adenoviruses (single dose of 1 × 10 9 plaque-forming units (pfu) per mouse). Intestinal tissues were collected and fixed in 4% paraformaldehyde (Fig. 4b) or 10% formalin (Fig. 4c-g ). For H&E staining of jejunum cross-sections (Fig. 4b,c) and immunofluorescence staining of livers (Fig. 4d) , we used mice that received adenoviruses expressing mouse IgG Fc (Fc) or different Fz subtype-specific DRPB antagonist, 7 d post adenovirus injection (n = 6 to n = 9 mice per group). Paraffin-embedded sections were stained with mouse anti-glutamine synthetase (GS) antibody (Millipore, MAB302, 1:50) following citrate antigen retrieval and blocking with 5% normal goat serum. The immunostained tissue sections were analyzed and images were captured on a fluorescence microscope (KEYENCE, BZ-X710). For GS quantification, 3 pictures at ×10 magnification from each section were analyzed using ImageJ, quantifying the integrated density of the area (100 μm × 100 μm) around the central vein. Four areas were measured in each picture. The average of the integrated density was normalized by Ad-Fc control. Serum expression of Ad-Fz subtype-specific DRPB antagonists (DRPB_Fz4, β β
